Gazetteers are important tools used in a wide variety of workflows that depend on linking natural language text to geographical space. The spatial properties of these data sources, such as coverage, balance, and completeness, affect the performance of common tasks such as geoparsing and geocoding. However, little attention has focused on how these properties vary in global gazetteers, particularly across country boundaries and according to feature types. In this paper, we present a detailed investigation of the spatial properties of two open gazetteers with worldwide coverage: GeoNames, and the Getty Thesaurus of Geographic Names (TGN). Using point density maps, correlations, and linear regressions, we analyze the global spatial coverage of each data source for the full set of features and for top feature types: populated places, streams, mountains, and hills. Results show wide discrepancies in coverage between the two datasets, sharp changes in feature type coverage across country borders, and idiosyncratic patterns dominated by a few countries for the more sparsely covered natural features. As more and more systems rely on recognizing and grounding named places, these patterns can influence the analysis of growing amounts of online text content and reinforce or amplify existing inequalities.
Introduction
Gazetteers play a central role in linking text to space, influencing a multitude of application outcomes through their use in tasks such as identifying placenames 1 in text, disambiguating placename references, and associating placenames with a geographical footprint and type information. Until recently, gazetteers were primarily produced topdown, typically as curated resources for placenames in a prescribed area such as a country. Today, with data easily stored and shared online, and vast quantities of data released as open data, the ways in which gazetteers are being produced and distributed is evolving. At one end of the spectrum remains a top-down, strongly regulated process, where organizations such as national mapping agencies produce gazetteers according to explicitly defined data quality standards and local laws. At the other end are crowdsourcing efforts collecting information about places from anyone who wishes to contribute, often largely relying on the notion of the 'wisdom of the crowd' principles for data quality (Goodchild & Li, 2012) . Somewhere on this spectrum are two gazetteers with some level of data curation, nominally global coverage, but limited explicit information with respect to data quality: GeoNames (GeoNames, 2016) , and the Getty Thesaurus of Geographic Names . These gazetteers form the focus of the present paper. Perhaps because of their worldwide coverage and their ready availability, both are popular in many research projects and applications, with GeoNames arguably the most commonly used gazetteer today. Despite this popularity, there has been limited scrutiny of its contents, with attention typically limited to a particular region or country, and focused largely on populated place features rather than a broader set of feature types. Smart et al. (2010) mapped the overall coverage of GeoNames in Great Britain, contrasting it with national mapping agency data and crowdsourced datasets. Ahlers (2013) conducted a broader examination of data quality in GeoNames, identifying anomalies and quality indicators for populated places in Central America, Germany, and Norway. Looking at both GeoNames and TGN, De Sabbata and Acheson (2016) quantitatively compared their coverage for all features and populated places in Great Britain, finding the datasets less detailed and less balanced than national mapping agency data. Although these studies have revealed that coverage in these products is unbalanced even within individual countries, the overall picture remains unclear since to date, an in-depth systematic global analysis, looking across country boundaries and at a range of feature types across gazetteers, has not been carried out.
An initial exploration of such properties examined global coverage of GeoNames alone and explored the distribution of a single feature type (populated places) as a function of population . Expanding on this work, we undertake a detailed comparative investigation of the global spatial properties of both GeoNames and TGN. We not only look at the full datasets, but also present a worldwide analysis of coverage for the four most frequent feature types in GeoNames, matched with corresponding types in TGN: populated places, streams, mountains, and hills. These four feature types account for a large portion of the full datasets in both gazetteers, particularly populated places which comprise over a third of all the data in both GeoNames and TGN. As for streams, mountains, and hills, they are among the most common natural features found in the data sets, and in the case of mountains, the most commonly referenced examples of a geographic feature in empirical experiments (Smith & Mark, 2001) . Understanding the global coverage of these named natural features is particularly important in the context of any work analyzing the distribution of common toponym types (Campbell, 1991) and analysis of texts containing references to natural features (Moncla et al., 2014) . For both gazetteers, we examine and compare feature distributions at fine, medium, and coarse granularities.
As discussed in the review that follows, coverage and balance are two pivotal quality indicators to assess the fitness for use of gazetteers for many common tasks. We therefore pose the following research questions:
1. How do GeoNames and TGN compare in terms of overall global coverage and balance?
2. How are important feature types in GeoNames and TGN distributed globally, and how do they compare in terms of coverage and balance?
We review previous work focusing on gazetteer properties, sources, and quality, as well as tasks in which gazetteers play a role. We then introduce in more detail the properties of the two gazetteers we analyzed, before setting out the analysis methods to characterize and compare GeoNames and TGN. Our results are presented as both graphical and numerical data, before we discuss their implications, particularly in terms of the suitability of these data sources for relevant tasks. We conclude with a list of key gazetteer shortcomings and propose future research focused on addressing these.
Gazetteers
"There is remarkable diversity in approaches to the description of geographic places (...)".
[Linda Hill, Georeferencing, p. 94] Gazetteers are resources that store structured information about places, minimally providing name, type, and location (or footprint) information for each place or record (Hill, 2000; Mostern et al., 2016) . Each record may also contain other attributes such as alternative names, population information for populated places, and containment relationships -for example which country or region the place is in. Records may contain links to matching records in other datasets. These 'linked data' records are ones deemed to be about the same place through a matching process that, for instance, compares text, positional, and type information across resources (Sehgal et al., 2006; Smart et al., 2010) . Placenames have in fact become a central node in linked open data, with GeoNames lying at the center of the linked open data cloud diagram (Schmachtenberg et al., 2014) , demonstrating the efficacy of placenames as a way of relating information in the developing semantic web.
Gazetteer sources and production
Gazetteers have traditionally been produced in a top-down process, most commonly by national mapping agencies to serve as official placename resources for a defined area of interest such as a country, sometimes under specific legal or regulatory conditions. For example, Ordnance Survey (OS) produces the OS 1:50k gazetteer (2016) (and more recently, OS Open Names) for the extent of Great Britain, and SwissTopo produces SwissNames 3D (2016) for the extent of Switzerland. In the case of the United States, examples include a national resource for domestic names, the Geographic Names Information System (GNIS, 2016) , developed by the U.S. Geological Survey, and an international resource for foreign names, the GEOnet Names Server (GNS, 2016) , developed by the National Geospatial-Intelligence Agency.
As well as general purpose gazetteers, typically created by national mapping agencies and other government authorities, purpose-built gazetteers are created for a wide range of purposes. Among these are the TGN, a structured gazetteer with the aim of improving access to art, architecture, and material culture by enabling indexing. Due to its focus on these topics, historical names are important elements of the TGN, allowing links of historical artifacts to be made between present day locations and texts describing them in a historical context.
More recently, gazetteers have also been produced by incorporating bottom-up methodologies, where data is collected from multiple sources and integrated. Two heavily used global spatial datasets, OpenStreetMap and GeoNames, are produced this way: their sources include authoritative data, such as those described above where licensing permits, but also original data contributed by individuals, also known as volunteered geographic information (VGI) (Goodchild, 2007) . Further still along the spectrum from top-down to bottom-up production are approaches to creating structured gazetteers using only crowdsourced data, through the extraction, analysis, and merging of multiple sources. One such example, the Gazetiki project, mined Wikipedia and Panoramio data to automatically create a gazetteer, relying on linguistic cues, search hits, and the GeoNames feature type hierarchy for entity typing (Popescu et al., 2008) .
A complementary body of research focuses on both augmenting and enriching existing gazetteers and the generation of so-called meta-gazetteers to build better resources, whether more complete (with more features, or with richer annotation for existing features), or deemed more suitable for a particular task (Kessler et al., 2009; Smart et al., 2010) . In one example using VGI, Gao et al. (2017) present a framework for efficiently creating new gazetteer entries from large numbers of user-tagged photographs, many of which contain feature types like 'park', 'museum', or 'river' as tags. Finally, OpenStreetMap has also been used as a gazetteer source directly, or to augment existing placename resources (de Oliveira et al., 2016; Hess et al., 2014; Yin et al., 2014) .
As feature types are one of the three basic requirements of a gazetteer entry (Hill, 2000) , any work seeking to integrate or augment gazetteers faces the challenge of assigning appropriate types to features, and potentially having to align different feature type ontologies to each other. A common use case in gazetteer conflation is to consider feature type information as evidence of (dis)similarity when trying to detect whether records are about the same feature (Fu et al., 2005; Hastings, 2008; Smart et al., 2010) . However, this is a challenging task since feature types may vary widely between gazetteers, and the process of feature type alignment is itself complex (Janowicz & Keßler, 2008; Zhu et al., 2016) . These difficulties are illustrated by for example Fu et al. (2005) who established "equivalence links" between feature type hierarchies, but found that strong constraints on feature type alignment led to poor performance. The underlying problem is further illustrated by Smart et al. (2010) who noted that even in national mapping agency data, large proportions of features were simply classified as "other". Zhu et al. (2016) recognize this challenge and combine top-down ontology analysis with bottom-up data-driven methods using spatial signatures related to instances of feature types to explore alignment issues in GeoNames, TGN and DBPedia Places.
Gazetteer quality
As introduced above, a wide variety of gazetteer and gazetteer-like resources exist, all of which may vary with respect to their data quality.
In exploring gazetteer quality, we take as a starting point the so-called famous five, as listed by the US Federal Geographic Data Committee: attribute accuracy, positional accuracy, logical consistency, completeness, and lineage (Guptill & Morrison, 1995) . Van Oort (2005) added to this list semantic accuracy, fitness for use, and temporal quality. In the more specific context of gazetteers, Leidner (2004) proposed seven criteria for gazetteer quality, a list extended and refined by Hill (2006, p.107) (Table 1) .
An implicit quality which is not explicitly listed in the criteria above, but often mentioned in discussions of the nature of gazetteers, is coverage. In this paper we define the coverage of a resource as the feature density across space ('spatial coverage', as in Hill, 2006, p. 144) . We define balance as in Table 1 as the uniformity of a resource across its scope of coverage, including the uniformity of its currency, accuracy, granularity, and richness of annotation. Thus balance and coverage are clearly related, since balance depends on the feature density across space (coverage) across the resource. As an example, a gazetteer covering features down to street-level detail in London but only down to neighborhood detail in Paris would be less balanced, but have better coverage in London, than a resource covering only neighborhood-level features in both cities. In the analysis that follows, we primarily focus on balance as the uniformity of coverage, as commenting on the uniformity of currency, accuracy, and richness of annotation is beyond the scope of this work.
An important upstream factor impacting gazetteer quality is the way in which the datasets are produced, as previously described. In the case of top-down datasets from mapping agencies, the organizations producing these resources typically ensure adherence to, and document, data quality standards, for example by sending surveyors out into the field in a structured manner, such that errors or omissions may be assumed to be randomly distributed in the dataset. However, this is not the case for crowdsourced data, which tend to show bias -that is, data quality which varies non-randomly as a function of the properties of the underlying space. For example, in a seminal paper on VGI quality, Haklay (2010) conducted a systematic analysis of OpenStreetMap data quality in terms of positional accuracy and completeness of street network data, and found geographical biases towards both urban (and therefore more populated) and more affluent regions in England, which have important implications for the balance of datasets produced through crowdsourcing in general. For gazetteers, such quality comparisons with authoritative datasets are possible for regions that have national mapping agency counterparts. However, a quality evaluation of global gazetteers must proceed in other ways, since no authoritative global database of placenames exists.
Using gazetteers
In general, gazetteers play a key role in tasks linking text to space, with applications ranging from disaster response or disease tracking through social media geolocation (Dredze et al., 2013; Zhang & Gelernter, 2014) , to historical and literary text analysis (Cooper & Gregory, 2011; Southall et al., 2011) . By enabling the organization of data according to geographical space, textual datasets can be spatially analyzed, opening up a wide range of possibilities for descriptive and predictive modelling of previously aggregated data.
More specifically, a number of distinct tasks require gazetteers or benefit from their use. A first task is the detection of placenames (or more broadly, geographic references 2 ), for which a common approach is to look for textual matches between placenames in the gazetteer and each word, N-gram, or candidate placename in the text (Leidner & Lieberman, 2011) . Thus, gazetteers and the placenames they contain influence whether a word or sequence of words is classified as a location in the first place (Leveling, 2015; Purves et al., 2007) . Second, gazetteers are important in disambiguating placenames, as many disambiguation strategies use gazetteer data such as geometry, type, and attribute data (e.g. population) to rank candidates (Buscaldi, 2011) . In fact, gazetteers typically determine whether a placename can be considered 'geo/ geo' ambiguous, as this type of ambiguity in practice is defined as when a placename matches more than one entry in a gazetteer (Amitay et al., 2004; Zhang & Gelernter, 2014) . Thus, toponym ambiguity is heavily influenced by the resources used, where gazetteers covering larger areas and finer granularities raise the potential for multiple matches (Buscaldi, 2011) -in other words, potentially increasing recall but decreasing precision.
The link between text and space is completed in a further task, focused on selecting a relevant geometry (footprint) for an input placename (Hill, 2000) . This is crucial in geographical information retrieval, both to obtain geographical representations of textual queries and to index documents according to the geographical space they refer to (Purves et al., 2007) . Of particular importance, setting aside geoparsing performance considerations, are the types of geometries available to model placenames. The simplest and most common geometry used to represent a placename is a point, but other geometries may be more appropriate according to place granularity and the nature of the reasoning to be carried out with the data (Alani et al., 2001; Guo et al., 2008) . Currently, however, both GeoNames and TGN provide only latitude, longitude tuples as points referring to features in their free, downloadable versions.
An increasingly frequent text-to-space task is the geolocation of social media users or content. On Twitter for example, users may indicate a home location on their profile in free-text form. Thus, matching this text field to a gazetteer entry is often a key first step to analyzing Twitter users' attitudes and beliefs according to their location, using for instance sentiment analysis. Furthermore, since only approximately 1% of Twitter posts are explicitly tagged with GPS coordinates (Hecht et al., 2011) , geocoding the posts themselves (or using the geocoded profile location as a proxy) can make more content available for analysis in use cases such as disaster response (Zhang & Gelernter, 2014) or disease tracking (Dredze et al., 2013) . Jurgens et al. (2015) emphasize that gazetteer choice impacts the performance of geolocating Twitter users from the textual profile location information, with GeoNames returning matches for 500 k users and DBPedia only 75 k. Clearly coverage in general, and in particular balance with respect to the underlying properties of interest, are key indicators in assessing the quality of the results of such processes. Table 1 Gazetteer quality criteria from Hill (2006) .
Criterion Description
Availability "Degree to which the gazetteer is freely available and not limited by restrictive conditions of use" Scope "Small communal database, regional/national coverage, or worldwide coverage" Completeness "Degree to which the scope of the gazetteer is covered completely" Currency "Degree to which the gazetteer has incorporated changes" Accuracy "Number of detectable errors in names, footprints, and types" Granularity "Includes large, well-known features only or features of all sizes and those that are less well known" Balance "Uniform degree of detail, currency, accuracy, and granularity across scope of coverage" Richness of annotation "Amount and detail of descriptive information, beyond the basics of name, footprint, and type"
Data & methods
In order to obtain high recall for placename detection in text, it is important to use a gazetteer that provides both good coverage and completeness. To increase precision and limit the impact of ambiguity, it is furthermore fundamental to select a balanced gazetteer with an appropriate level of detail. This section first presents GeoNames and TGN, then describes the methods used to assess the coverage and balance of the two datasets.
GeoNames
GeoNames is arguably the most-used placename data source today, widely cited in academic works. It is not hard to understand why considering its unique combination of desirable properties: it contains over 10 million entries worldwide (coverage), is freely available online (availability), and has daily data exports (currency). Where its properties become less clear is concerning balance, data precision, completeness, and lineage. With respect to lineage, GeoNames consists of data originating from a variety of sources, some official sources and some individual contributors, but the source(s) for each particular record is not provided in the free version. This lineage issue muddles the already unclear picture with respect to balance, precision, and completeness. For instance, the true precision of a record may vary depending on the source or simply be unknown. As for balance and completeness, it is unclear to what extent each country or region is captured in the dataset, and thus the coverage may rather vary as a function of data availability for a particular area rather than as a function of the true concentration of named geographical features at those locations.
In addition to the standard elements of name, type, and geometry, GeoNames also provides for many entries a rich set of structured information including alternate names and spellings, population information for populated places, and hierarchical information such as containing administrative areas including countries. Geometries provided in the free gazetteer data download are latitude-longitude points for each feature, including for features with very large extents like countries and lakes. All features are classified according to a two-level type hierarchy consisting of a 9-feature-class top level and a 645-feature-code sublevel, with a short description provided for most feature codes. However, the distribution of feature counts is dominated by just a few of these 645 feature codes, with for example 3.4 million features having the code 'PPL' for 'populated place'. Though the feature type hierarchy has two levels, in practice a third-level is arguably encoded in the feature codes themselves, with for example 'STM' standing for 'stream', 'STMI' for 'intermittent stream', and 'STMIX' for 'section of intermittent stream'. We make use of this information when considering feature type alignments in Section 3.4.
TGN
TGN is a gazetteer resource developed for cultural heritage applications, freely available as linked open data since 2015. Unlike GeoNames, it is curated, has a stated focus on places of historical significance, and an intended use for "cataloguing, research, and discovery of art historical, archaeological, and other scholarly information" (TGN, 2015) . Its coverage is nominally global and, appropriately for its historical focus, also covers a temporal range from "prehistory to the present".
With over 1.4 million entries of named places around the world, including over half a million populated places, TGN is a useful resource for text analysis, particularly for texts of a historical nature (Overell & Rüger, 2008; Smith & Mann, 2003) . Similarly to GeoNames, TGN records provide names, feature type information, latitude-longitude coordinates, as well as hierarchical information where appropriate. Records also generally include sources and contributors, and may also contain descriptive notes and dates for historical places, as well as linkages between places signifying relationships such as 'successor of' and 'distinguished from'. TGN uses feature types from the Art & Architecture Thesaurus (AAT, 2017) type hierarchy, also from the Getty Research Institute. This type vocabulary and hierarchy features many more explicit levels than GeoNames and provides information about type semantics not only through a definition, but also with information about overlaps with other types and with lineage information about the type itself and its position in the hierarchy. In practice, TGN's feature type distribution is however also heavily skewed to a small number of types and again features a widely used category for population centers of all sizes, known as 'inhabited places'. In Fig. 1 , the 'hills' type is shown in the AAT hierarchy with four sub-types, but while in our dataset 25,756 TGN features have 'hills' as a primary type, no TGN features have as primary type 'foothills', 'hillocks', 'hummocks (hills)', or 'knolls'.
Gazetteer quality criteria
In Table 2 , we present a comparison of our two gazetteers of study and two representative national mapping agency gazetteers, OS 50k for Great Britain and SwissNames 3D for Switzerland, along nine quality criteria. These quality criteria are as in Table 1 , with the addition of lineage (from the famous five of spatial data quality) and precision (which is documented explicitly for our national mapping agency data), and the removal of accuracy, which in practice is not available because it requires testing against a reference dataset. Though coverage does not appear explicitly in the table, our definition relates it to scope, completeness, granularity, and balance as discussed above.
These four datasets all share the characteristic of being freely available (though licensing conditions vary), but in the other dimensions, TGN and GeoNames are more similar to each other than either is to the national mapping agency datasets. Importantly, completeness and balance are unknown for GeoNames and TGN, not being explicit aims for either data source. Precision of the feature coordinates is not documented, though TGN states that their coordinates are approximate only. On the other hand, GeoNames and TGN offer the advantage of nominally rapid update cycles, with GeoNames providing daily data downloads online. The authoritative datasets have slower release cycles, consistent with a process requiring extensive quality control to ensure completeness, precision, and balance of their contents. Our analysis of GeoNames and TGN aims to enable informed statements about balance and coverage.
Feature type selection and matching
Full data snapshots of both GeoNames and TGN were obtained on June 30th 2015. Though differences in feature density are to be expected, since GeoNames has almost 10 times the number of features as TGN, we expect datasets to become more similar as they tend to more accurately sample the real world, and in the future, as they become more integrated through the practice of linked data. Our snapshot of TGN was taken shortly after the product was launched in its linked open data form, and before it had had time to be propagated into GeoNames.
A first step towards our goal to compare GeoNames and TGN was to match countries from one dataset to the other, which was done manually and resulted in a set of 237 common countries which could be used to select features by country from the raw gazetteer data. A second step was to select feature types for analysis, a process primarily driven by looking at the most common features types in GeoNames and matching these to types in TGN.
Aligning feature types between gazetteers is a complex problem, as resources may have different feature type ontologies, the same words may take different meanings across resources, and the meaning of a particular word may also itself vary among geographical regions and individuals (Zhu et al., 2016) . In our alignment process we considered type names, definitions, feature type hierarchies and, since our analysis of coverage and balance relies on feature counts, type frequencies in each dataset. Given the potential influence of feature alignment on any results comparing gazetteer content, we furthermore carried out a series of sensitivity tests to explore such effects, where we varied the alignment choices using one-to-one, one-to-many, many-to-one, and many-to-many links between GeoNames and TGN types. Fig. 2 shows the most frequent feature types in each gazetteer (using unique feature codes for GeoNames), the results of our feature type selection and alignment, and the number of features of each type selected for analysis.
Based on our sensitivity tests, we aligned 'populated place' (PPL) and its implicit sub-types (PPL*) in GeoNames to the 'inhabited places' place type in TGN, and proceeded similarly for the other types, as shown in Fig. 2 . Whereas GeoNames has a large number of features typed with implicit sub-types (for example, PPLL is used for 141,798 features and STMI for 177,531 features), TGN has very low counts for sub-types, perhaps because of its richer hierarchical type structure and its use of a preferred place type for each feature with optional secondary types.
Analysis methods
For a multi-scale, feature-type specific understanding and comparison of the global coverage of features in GeoNames and TGN, three analysis scales were chosen. At the finest level, 10x10km cells with 30 km neighborhoods were chosen as the point aggregation unit for global point density maps. For the full set of features ('all') and for the four selected feature types ('populated places', 'mountains', 'hills', 'streams'), maps were produced using the ArcGIS Point Density tool, in the Goode Homolosine Land equal area projection, resulting in 10 global maps. These maps allow for a visual overview of the global coverage of features in each of GeoNames and TGN, and a visual comparison of this coverage between the two gazetteers for each feature type. Furthermore, by exploring differences in coverage, it is possible to gain some insight into balance (for example where feature density varies greatly in a dataset across national boundaries).
For the second part of the analysis, features were aggregated at two coarser-grained spatial units: 100 × 100 km cells, and individual countries. Aggregated counts for both spatial units were calculated for each feature type (five in total, including 'all'). The country of each feature was available directly as attribute data in both datasets, thus country counts could be obtained by summing the number of features with each country attribute. For the 100 × 100 km cells, counts of features in each cell were obtained through a spatial join. For each aggregation unit (2) and each feature type (5), counts in the two datasets were plotted and correlation coefficients computed using ranks (Kendall's method), since values were not normally distributed.
Based on the outcomes of the second part of the analysis, linear models relating the two gazetteers were calculated to establish descriptive, quantitative relationships between their coverage. Through linear models, feature coverage can be compared not just on the basis of rank, but also magnitude, by describing a proportional relationship between feature counts in corresponding cells or countries.
Results and interpretation

Point density maps
We first present the global point density maps of all the features in each of GeoNames and TGN (Fig. 3) . These maps show the density of placenames in each data source using quantiles calculated on the GeoNames data for both maps to ease comparison. Overall, for both data sources, we observe higher densities of placenames in regions such as Europe and in the eastern United States, and much lower densities in entire continents such as South America and Africa. These global differences in coverage are particularly marked in the TGN data, where there is widespread data scarcity in South America with the exception of Chile, and likewise for Africa aside from a concentration of placenames in Egypt, a place of great historical significance. Another observation common to both maps, but particularly pronounced in TGN, is that in many places coverage seems particularly uneven across country borders. For example, GeoNames placename density is markedly different between Norway and Sweden, and in TGN the eastern and southern borders of Germany are clearly distinguishable due to a sudden drop in coverage, and similarly for the border between Canada and the United States. India is described in relatively similar detail by GeoNames and TGN, whereas the amount of features in neighboring Nepal and Sri Lanka is strikingly different in the two datasets. These results also indicate that balance is an issue in both datasets, since these patterns are unlikely to reflect real toponym density.
Breaking down the datasets by feature type helps shed light on whether these observations are consistent across, or driven by, particular types. Fig. 4 shows small multiples of coverage in GeoNames and TGN for each of the four feature type data subsets, starting at the top with the most frequent feature type, populated places, down to the least frequent (in GeoNames), hills. This sequence illustrates that as a feature type decreases in numbers overall in a gazetteer, its global coverage also becomes sparser, concentrated in a smaller area of the globe. Whereas in GeoNames populated places show non-zero density across large swaths of the globe, most 10 km density cells are zero (white) for mountains and hills. This observation is more pronounced in TGN, which overall has about ten times less data than GeoNames in terms of all features, but is also slightly more skewed towards populated places than GeoNames with 39% of its features populated places but only 1.8% hills, compared to 37% and 3.4%, respectively, for GeoNames (Fig.  2) . While the TGN populated places map again clearly shows the resource's emphasis on Europe and the United States, the global TGN hills map shows just how few features of this type are catalogued.
GeoNames
In order to address whether the coverage of features in GeoNames and TGN corresponds well to the true distribution of named features in the world, it is helpful to consider feature types in isolation. For the best-represented feature type, populated places, population density may be a reasonable proxy for density of named populated places at our scales of analysis . In both the GeoNames and TGN populated places maps, some areas of visibly high feature concentration correspond with areas of high population density such as continental Europe and the North East of the United States, but other populous regions seem comparatively less well-covered, including India, Brazil, and the African continent in general. TGN in particular appears to have a strong focus on Western Europe and the United States in terms of catalogued populated places, and relative data poverty through China, South-East Asia, and parts of the Middle East compared to GeoNames.
Shifting down from the best-represented feature type to the sparsest type in our analysis, hills, the uneven coverage becomes more extreme, with virtually no hills catalogued in the United States (both in GeoNames and TGN), and a very high concentration of hills in Norway (GeoNames) and Germany (GeoNames and TGN). These maps again show sharp changes in feature type coverage at country borders, such as the US-Mexico border for hills (GeoNames) and mountains (TGN), and the US-Canada border for streams (GeoNames). A closer look at the individual point features shows a dearth of mountains in TGN for Switzerland (Fig. 5b) , a country renowned for its mountains, and virtually no hills in GeoNames for the US (Fig. 5c ) against an abundance in neighboring Mexico. Thus it appears from these maps that the country unit is an important driver of global coverage by feature type.
To explore this behavior where these feature types were seemingly well sampled, counts by type were plotted for the ten countries with the highest numbers of the given types (Fig. 5a ). These bar charts in all cases show that one or a few countries dominate the distribution for a particular feature type, for instance Norway for hills in GeoNames or Germany for hills in TGN. Furthermore, GeoNames and TGN tell different stories about the underlying distribution of data, especially for the natural feature types. Indeed, Norway unequivocally tops the list for hills in GeoNames, yet does not even make the top ten in TGN. Similarly, China is conspicuously absent from the top ten list for populated place features in TGN, but tops the list for populated places in GeoNames. All of these observations again emphasize the lack of balance for all the analyzed feature types in both GeoNames and TGN.
Correlations between GeoNames and TGN
To compare coverage between GeoNames and TGN systematically, counts of features were spatially aggregated according to the coarser, meaningful unit of countries, and the finer unit of 100 × 100 km cells (created in the equal area Goode Homolosine Land projection). Corresponding counts were analyzed using Kendall's tau rank correlation, with the results shown in Table 3 .
For the country counts, a pair was included in the rank correlation calculation when neither country had a count of zero to avoid having artificially high correlation coefficients due to matching pairs with very low or zero counts. For the much larger number of raster cells, a pair was included in the rank correlation calculation when either dataset had a non-zero count, striking a balance between keeping spurious pairs with no data and dropping meaningful pairs.
The correlation coefficients for feature counts by country show relatively strong positive relationships when accounting for both all features and populated places, and a weaker but still positive relationship for mountains. For streams and hills the relationships were much weaker. The correlation coefficients for raster cell counts show similar patterns, with the highest correlations for all features and populated places, and much weaker or no relationships for streams, mountains, and hills. Comparing correlation coefficients for countries and raster cells, we note that the coefficients are greater for countries than raster cells in all five cases, meaning a stronger relationship exists at the country level than for the finer raster cells.
Sensitivity to feature type alignment
In order to ensure our results were robust to changes in feature type alignment, we performed sensitivity tests where we selected different combinations of feature types from GeoNames and/or TGN and 
Table 3
Kendall's tau correlation coefficients between GeoNames and TGN for countries and raster cells. repeated the correlation analysis. We varied GeoNames feature subsets by selecting only a single dominant feature code (PPL, STM, MT) for a type rather than also including its implicit sub-types (PPL*, STM*, MT*). As for TGN, of particular interest was the inclusion of types featured in relatively high numbers in the collection: creeks and peaks. Table 4 illustrates the results of these sensitivity tests. In all but one case (where streams + creeks from TGN are included) correlations are similar and statistically significant. In the case of creeks, 99.6% of all creeks in the TGN are located in the USA. These results suggest that our choice of feature alignment is robust.
Linear models
The Kendall rank correlation coefficients indicated the existence of varying degrees of positive relationships between aggregated features counts in GeoNames and TGN, depending on type and unit of analysis (country or raster cells). In order to analyze these relationships considering not only the rank, but also the magnitude of feature counts, linear regression models were used.
Based on the positively skewed distribution for both GeoNames and TGN aggregated counts, we used log-log regression models, arbitrarily using GeoNames counts as the independent variable and TGN counts as the dependent variable. While raw counts suggest that TGN contains only 14% of the amount of features in GeoNames, the first two stages of the analysis suggest that the relationship is more complex. The coefficients (b) of the regression models provide a better estimate of the quantitative relationship, whereas the coefficient of determination (R 2 ) provides a measure of model fitness. As such, the linear models presented in this section should not be interpreted as explanatory or predictive, but rather as descriptive. These two data sources are clearly independently produced, but as they are both sampling geographical features from the real world, relating their feature counts can give us insight into how similar their coverage is. The selection of one variable as dependent and the other as independent is purely arbitrary, and does not affect the interpretation of the results.
A first linear model was constructed, using countries as the unit of analysis, based only on the independent and dependent variables mentioned above, but the model did not meet the assumption of homoscedasticity of the residuals. This was confirmed through a Breusch-Pagan test, which was significant (p b 0.001). The log-log scatter plot of TGN vs GeoNames for all features showed an interesting pattern where a group of countries showed relatively high counts in TGN compared to the remaining countries, as depicted in Fig. 6 . From this scatter plot, we identified this set of 15 countries as 'high coverage' countries: United States, Germany, Mexico, France, India, Spain, Chile, Taiwan, United Kingdom, Italy, Egypt, Greece, Belgium, New Zealand, and the Netherlands. We found that these same countries were also well covered across the four feature types we analyzed. The data point for the Faroe Islands was excluded as a statistical outlier. A dummy variable (i.e., Boolean indicator) was thus introduced, taking the value 1 when the country is a member of the so-called HighCoverage set, and 0 otherwise. We then used linear models of the form:
The linear model then obtained is presented in the first section of Table 5 (Model 1).
Model 1 in Table 5 is robust and fit. The residuals are normally distributed (Shapiro-Wilk test, W = 0. 99, p N .01), satisfy the homoscedasticity assumption (Breusch-Pagan test, BP = 4.27, p N .05), and the errors are independent (Durbin-Watson test, DW = 1.88, p N .05). No statistically influential cases were identified. The number of features in GeoNames, combined with the distinction between high coverage and low coverage countries, accounts for 87% (F(2,232) = 803.6, p b .001) of the variation in the number of features in TGN, when aggregated by country.
This model illustrates how the number of features in TGN in high coverage countries is of the same order of magnitude as counts in GeoNames, having over 60 (e 4.13 = 62.18) as much content as low coverage countries. Still even in the high coverage group, an increase of 100 features in GeoNames corresponds to an increase of only 71 features in TGN. The model also supports the two assumptions discussed in this section. First, a clear relationship exists between the two datasets. Second, two distinguishable groups of countries are present in TGN, one featuring an amount of content comparable with what can be found in GeoNames, and another group covered in far less detail. The characteristics of the high coverage group are further discussed in the next section.
Based on these results, we investigated the possibility that linear models might hold at a different scale of analysis. We again used the 100 × 100 km raster cells that we used in the correlation section and relate the number of features in each cell for GeoNames and TGN. We tested a linear model similar to the model presented above, assigning each cell to a country (or no country where necessary) and re-creating the dummy variable HighCoverage as above. All cells with a count of zero for either gazetteer were discarded, due to the logarithmic nature of the models. Given the large number of cells remaining (13,910) we also tested the same model with smaller random samples (150 and 1500 cells), which resulted in consistent outcomes and significance levels.
The linear model based on the raster cell counts (Model 2 in Table 5 ) is very similar to the model based on country counts presented above (Model 1), when disregarding cells not associated with any country. The number of features in GeoNames (combined with the dummy variable) accounts for 82% (F(2, 11,152) This is most probably due again to a different behavior between countries in the high coverage and low coverage sets. Including the cells which are not associated to any country (Model 3 in Table 5 ) leads to a lower R 2 = 0.75 (F(3, 13,906) = 0.00014, p b 0.001), while the remaining values are stable. Finally, we tested similar linear models based on number of features per country, for the feature types populated places and mountains. These linear models showed a relatively strong relationship between the two gazetteers, but the residuals of the models were not normally distributed. It is also important to note that these models showed substantial linear relationships only when excluding countries with no features in at least one gazetteer, as TGN in particular contains no features of those two types for many countries (counts of zero are found in 34 countries for populated places, 99 countries for mountains, 172 countries for hills, and 209 countries for streams). Table 4 Kendall's tau correlation coefficients between GeoNames and TGN for countries using different feature type alignments. Alignments used in the rest of the paper are highlighted. 
Feature type name
High coverage countries
The linear models from the previous section showed a systematic pattern where a group of countries were consistently better represented in TGN than the others. We termed this group of countries 'high coverage' and computed the Kendall's tau correlation coefficients for this list of 15 countries in isolation, as we did for all countries in Section 4.2. The resulting values, presented in Table 6 , show strong highly significant positive relationships between these high coverage countries in TGN and GeoNames. This is the case not only when considering all features, which was expected based on the models presented in the previous section, but also for the four feature types taken into account.
The correlation coefficients are not only higher in each case for only the list of 15 as compared to the full set of countries with non-zero feature counts, but the values are also much less variable, all ranging from about 0.70 to 0.87. Overall these correlation coefficients show that not only do these high coverage countries have more data in TGN than the rest of the countries, with few exceptions, but also that where TGN coverage is high, the data resembles GeoNames much more, in terms of the feature counts per country.
Discussion
"Are my data fit for purpose?" This is a crucial question in science, and in this paper we set out to illustrate how it applies to the use of two global gazetteers. Coverage and completeness play a fundamental role in the detection of placenames in text, particularly in terms of recall, while balance is important in limiting ambiguity and improving precision. The maps presented in the first part of the previous section illustrate the skewness and idiosyncrasies of two major global gazetteers, GeoNames and TGN. The correlation and regression analysis presented above shows how the two gazetteers do not provide a coherent description of the world's toponyms, and identify regions and scales where similarities do exist.
As TGN is a historically-focused, curated resource possessing about a tenth of the overall quantity of features in GeoNames, differences in placename density must exist. Our methods allowed us to identify a small list of countries whose placenames are catalogued in more detail in TGN than the others -but these still only possess a portion of the quantity of data provided by GeoNames. Among those countries is the United Kingdom, where TGN provides only half the placenames available in GeoNames, which in turn are just a fraction of the data provided by the Ordnance Survey (De Sabbata & Acheson, 2016) . Beyond such countries with detailed coverage, the number of features available in TGN drops to two orders of magnitude lower than in GeoNames, consistent with the results reported by Ahlers (2013) for the specific case of Honduras. Thus, TGN coverage is not only sparser overall, but more idiosyncratic than GeoNames and thus also less balanced.
Both GeoNames and TGN differ fundamentally from gazetteers produced by mapping agencies, which adhere to defined data quality standards including completeness and balance, and whose contents can be assumed to vary largely as a function of the true density of named features in the area of interest. Indeed, one of the most challenging issues, which we can only address peripherally in this paper when exploring global gazetteers, is completeness. Our results suggest that GeoNames and TGN are both far from complete given variation in coverage and feature type balance, and based on our results we can suggest regions Fig. 6 . Log-log scatter plot of feature counts in TGN as a function of counts in GeoNames in matching countries (left) and 100 × 100 km cells (right). where the datasets may be particularly incomplete. However, understanding whether toponyms are missing because they have not been mapped, or are simply not used, requires us to also consider both the underlying physical landscape and variation in toponym usage across cultures and languages (Burenhult & Levinson, 2008) . As for balance, GeoNames coverage varies partly as a function of the availability of data, with rapid changes in coverage possible overnight when new datasets are integrated, thus affecting the balance of the resource. TGN represents a historically-focused view of the world, but even then some coverage artifacts seem tied to open data integration such as the relative abundance of data in New Zealand and of hills in Germany. Future work studying the lineage of the features could explain some of these observations and perhaps reveal crucial information on common sources between the gazetteers. Indeed, our results clearly highlight the role of institutional -usually national -open data, as the coverage offered for feature types shows abrupt changes across national borders. Throughout the analysis, countries consistently appeared as the strongest driver of variation. Even at the finest analysis scale, the influence of the country unit was visible in the global maps for both GeoNames and TGN. Therefore, studies assessing the quality of gazetteers through comparison with authoritative datasets cannot simply be generalized to other study areas, particularly across borders. Furthermore, special care should be taken when working in a multi-national study area (for example Europe), as taking gazetteer data as-is across borders will typically result in variations in balance with respect to the sampling of the true distribution of named places, and results of tasks such as geoparsing are more likely to reflect gazetteer properties, rather than true spatial variation. In any work seeking to augment gazetteers, combine gazetteers, or create meta-gazetteers (Gao et al., 2017; Grossner et al., 2016; Smart et al., 2010) , an important aim should be not to introduce further bias in coverage or balance.
Another important observation is that coverage and correlations between feature types quickly decreases for all except populated places, which account for over a third of all data in GeoNames or TGN. Our maps show that as overall numbers in one gazetteer for a particular feature type decrease, coverage across the globe becomes not only sparser, but less well correlated, more idiosyncratic and thus less balanced, even for the common natural feature types streams and hills. An analogy can be made with crowd-sourced mapping projects, which have been shown to suffer from biases that are not only geographic, but also thematic. Bégin et al. (2013) notes that natural features tend to suffer from lower positional accuracy than man-made features in VGI, and finds that users in mapping tasks show preferences for mapping certain feature types. Similarly, our results show that the representation of natural features is of a comparatively lower quality than populated places in GeoNames and TGN, the data sources being more focused on populated places globally. Thus, we suggest national data should be used preferentially when dealing with these feature types, particularly since national borders in any case are a strong driver of coverage, removing any advantage of nominally seamless, global, datasets. Furthermore, though our sensitivity tests indicate that our feature type alignment choices for very common features are robust in calculating correlations, the importance of alignment (Zhu et al., 2016) in matching less frequent features types is likely to have a bigger influence on gazetteer quality assessment.
Though our results clearly indicate that balance for natural feature types is poor, quantifying this further requires the use of meaningful proxies for named features. Possible approaches, which might also give insights into completeness, might imply modelling expected densities of named features as a function of morphological properties (Hengl & Reuter, 2008) and relating this to existing authoritative gazetteer data. Finally, current research in information geographies suggests that most datasets are heavily skewed towards the Global North and marginalize the Global South -including those used to train machine learning algorithms -rendering any aim for a global, rich, balanced gazetteer a formidable challenge.
Conclusions
The present paper has illustrated the important role played by gazetteers in the current data revolution, and argues that fitness for use of global gazetteers has been neglected, despite their very common application to a wide range of tasks. Our results highlight the skewness and idiosyncrasies of these gazetteers whose coverage and balance, especially at the level of feature types, varies widely, and is best predicted by national borders. These results also suggest that the politics and economics of open data (Kitchin, 2014) can have a significant impact on gazetteers, and thus on geographic analysis and automated data processing.
Although making an informed decision on fitness for purpose is straightforward with top-down, authoritative gazetteers through the documented quality criteria, this is in practice much more difficult with global gazetteers such as GeoNames and TGN. In such a situation, the questions that researchers using the gazetteers discussed in this paper should ask themselves are: what components of a pattern extracted by linking text to space reflect meaningful patterns in the underlying data, and what simply reflects skewness and idiosyncrasies of the gazetteer used in the analysis? Haklay's (2010) conclusion that "places where population is scarce or deprived are, potentially, further marginalised by VGI exactly because of the cacophony created by places which are covered" seems to merit an extension to the realm of global gazetteers. Less connected and less developed countries are currently further marginalized in global gazetteers, as are natural features, drowned out by populated places. The cacophony of information is further intensified by algorithmic data analysis, which through the use of gazetteers produce even more data about the places already covered.
